Figure 1. Mutations in the PIG-A Gene Observed in Patients with PNH
The cDNA structure shows the 6 exons, with the codon numbers corresponding to the exon-intron junctions given underneath. The 5Ј untranslated region (exon 1 and part of exon 2) and the 3Ј untranslated region (part of exon 6) are hatched. Below the cDNA diagram are the mutations causing complete inactivation of the gene product, including small insertion-deletions producing frame shifts (orange squares), nonsense mutations (red squares), splice-site mutations (purple lozenges), and large deletions (full black lines; the broken line indicates that the breakpoints of the large deletion removing the entire gene are not known). Above the cDNA diagram are missense mutations (blue circles) and one inframe deletion of a single codon (blue triangle). The mutation in codon 19 (green circle) is the only known PIG-A mutation that is germ-line rather than somatic: it entails a Arg→Trp amino acid replacement. This mutation has been observed in four unrelated families and it does not cause PNH; it is probably to be regarded as a neutral polymorphic allele. Frame shift and nonsense mutations appear to be rather randomly spread, perhaps because protein truncation will cause instability or failure of targeting almost regardless of where it takes place. By contrast, missense mutations are nearly always limited to exon 2, suggesting that this is a functionally critical domain. The mutations shown here are from sources quoted in Luzzatto and Bessler (1996) . analysis as belonging to group A: hence the gene was Therefore we can surmise that there may be many more missense mutations which do not give a PNH phenocalled Phosphatidyl Inositol Glycan A, or PIG-A Takeda et al., 1993) . It was then quickly type. Interestingly, in some patients, more than one independently arisen PIG-A mutation is found, indicating shown that the same cDNA also complemented EBVtransformed PNH cell lines from PNH patients, and that that several different PNH clones may co-exist (Luzzatto and Bessler, 1996) . these same cells had mutations in their own PIG-A gene Bessler et al., 1994) . Last but not These findings give a satisfactory overall picture of the origins and of the pathophysiology of the PNH clone. least, PIG-A maps to the X chromosome (Xp22.1; Takeda et al., 1993) . Although it has not yet been formally proven In a nutshell, a somatic mutation hits the single functional PIG-A gene in a hematopoietic stem cell; if the that PIG-A encodes an N-AcGl transferase, this finding neatly swept away the second paradox: PIG-A defimutation is such that PIG-A is completely or nearly completely inactivated the progeny of the mutated cell will ciency does behave as recessive in somatic cell hybrids, but it appears dominant in normal somatic cells simply be deficient in GPI-linked proteins and therefore very vulnerable to C-mediated lysis. In first approximation, because these are haploid with respect to the X chromosome. Unlike what applies to X-linked inherited disthis sequence of events is reminiscent of what probably happens with a mutation in a tumor suppressor gene, eases, which characteristically have a higher prevalence in males, there is no significant gender preference in except for two important differences: here, we have only one hit instead of two, because PIG-A is X-linked. Also, the case of PNH: this is not surprising since the acquired somatic mutation of PIG-A takes place after X chromoalthough patients with PNH may very rarely ultimately develop leukemia (Dameshek, 1967) , PNH itself is cersome inactivation, when female cells are just as haploid as male cells with respect to all X-linked genes, except tainly not a leukemia; on the contrary, the PNH clone may persist for decades with little change in the clinical those that escape inactivation.
There are now more than 100 PIG-A mutations in the situation, and in some cases it may actually decrease in size, with apparent spontaneous cure of the patient database (see Figure 1) , and a fairly clear pattern emerges. With the majority of mutations it can be safely (Hillmen et al., 1995) . In an evolutionary sense these two points may be related, and indeed, to the best of our predicted that the PIG-A protein will be nonfunctional, either through truncation resulting from a stop codon, knowledge, no bona fide tumor suppressor gene has yet been mapped to the X chromosome. Perhaps the or from a frame shift due to small insertion/deletions, or from a splicing defect. Three large deletions have reason is that, with a single hit creating a risk to produce a tumor, possibly in pre-reproductive age, the genetic been reported, one of which removes the entire PIG-A gene. Of the missense mutations, some may still make cost of having one there would be too high. What Determines the Fate of a Non-Malignant the protein nonfunctional, whereas others probably account for the previously recognized fact that in some Hematopoietic Clone?
We are now left with the third paradox unsolved: namely, cases GPI-linked protein deficiency on PNH cells is partial rather than complete (Rosse and Dacie, 1966) . Since how can a hematopoietic PNH clone expand? On one hand, one might surmise that such a clone has an intrinthe GPI anchor is the final metabolic product of a pathway in which PIG-A is a catalyst (Kinoshita et al., 1995) , sic growth advantage; i.e., it is aggressive, just like a leukemic clone. However, several lines of evidence milieven a small fraction of the normal PIG-A activity may still allow the production of a significant amount of GPI.
tate against this notion. First, in patients with PNH, PNH present. In this respect, one cannot help noting that much of the biochemical work on GPI-linked molecules has sprung from the study of the variable surface glycoprotein (VSG) of trypanosomes (Masterson et al., 1989; Ferguson et al., 1988) . In that instance, the functional role of the GPI anchor seems clearly to consist of making it easy for the parasite to shed its VSG coat and thus evade immune attack by host antibodies (Cross, 1990) . In PNH cells there may be an advantage for the cell in not having GPI-linked molecules on its surface, in order to evade a different sort of immune attack. Thus, PNH and AA might in fact give us a new PNH (Luzzatto and Bessler, 1996) . severe AA. Based on Rotoli and Luzzatto (1989) .
In this respect PNH can be also seen as a remarkable exception to the golden rule that in every disease proclone(s) can co-exist for years or decades with apparcess, no matter how protean, we ought to be able to ently normal hematopoietic cells: thus, the PNH clone, pinpoint a single primary agent. It seems instead that having expanded, does not take over (as a leukemic two different causes are required to give the clinical clone would do). Second, patients who have had PNH phenotype of PNH: one (A) that we now fully understand, for years may sometimes recover spontaneously; but namely a somatic mutation in the PIG-A gene; and one the PNH clone is still present years after this self-cure (B) that we can only define as a specific mode of bone has occurred (Hillmen et al., 1995) . We infer that, when marrow failure. The implications of this by now testable conditions change, the PNH clone not only stops exmodel are that A alone would produce PNH clones of panding, but may actually regress in relation to non-PNH no clinical significance, which may be lurking in normal hematopoietic cells. Third, in chimeric mice produced people, whereas B alone would give, of course, the cliniby knocking out PIG-A in embryonic stem cells, the cal picture of AA. It is only when A and B co-exist in the resulting PNH red blood cells, far from prospering, tend same person that we see the clinical phenotype of PNH. to disappear rather quickly after birth (Kawagoe et al., 1996) .
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